Liquid-liquid extraction is a classical chemical process with wide applicability in various fields. It often precedes such separation techniques as liquid chromatography and capillary electrophoresis. The integration of solvent extraction into microfluidic systems (microchips) is accompanied by several advantages generally associated with a microspace. The scale merits of small dimensions, i.e., the large specific interface area, the large interface-to-volume ratio, and the short diffusion distance which results in a rapid approach to an equilibrium, make solvent extraction into a high speed and high performance process on a microchip without any mechanical stirring, mixing and shaking.
The methodology of continuous-flow chemical processing (CFCP) based on a combination of micro unit operations (MUOs) has already been successfully applied for multi-phase solvent extraction. [1] [2] [3] To produce a liquid-liquid extraction system and achieve efficient and controlled mass transfer, it is necessary to form a stable aqueous-organic interface inside the microchannels and to separate the immiscible solutions. Several techniques have been developed to form a stable liquid-liquid interface in the microchannels. Guide structures fabricated inside a microchannel have proved to be a powerful tool for stabilizing a three-phase flow. Such structures have made it possible to do a wet analysis consisting of several stages, i.e. mixing, reacting, extracting, decomposing and washing. 1 However, using microchannels with a standard channel shape or even with guide structures still limits the ranges of flow rates of aqueous and organic phases for a stable multiphase flow due to the differences in hydrodynamic characteristics of each phase. Generally the flow rates are set equal and considerable change in them makes flow unstable.
We have already developed a solvent extraction and concentration system utilizing the variable flow ratio between the aqueous and organic phases in micro multiphase laminar flow. 4 In this previous work, a capillarity-restricted modification (CARM) method 5 for partial modification of a single microchannel was developed. Using CARM, one side of the microchannel wall was made hydrophobic and the other side was made hydrophilic. Under these conditions, a flexible setting of the flow-speed ratio between aqueous and organic phases is possible due to efficient retention of the organic phase by the hydrophobic surface and also prevention of the leakage of the aqueous phase into the organic phase. This enables control of the extent of the concentration process by changing the flow-speed ratio of the two phases. As an application of this system, we demonstrated the selective determination of carbaryl as an example of carbamate pesticides. 4 However, from the viewpoint of practical application to analysis of inland waters and soils, in the case of pollutants, carbamate pesticides are present not only as carbaryl, but as several different compounds. 6 To achieve a total analysis of environmental samples, the appropriate conditions of derivatization and extraction corresponding to simultaneous determination of several carbamate pesticides should be sorted out. Furthermore a separation technique should be combined with the system in order to realize selective detection of each of the carbamate compounds.
Micellar electrokinetic chromatography (MEKC) 7 is one potential tool for distinguishing a target pesticide.
In this study we have developed a microfluidic system for the simultaneous determination of several carbamate pesticides by 
Experimental
Glass chips A microchip with a specially designed meandering microchannel ( Fig. 1) was purchased from the Institute for Microchemical Technology (IMT) (Kawasaki, Japan). It had been fabricated in Pyrex glass plates (30 × 70 × 1.4 mm) using a photolithographic two-step wet-etching technique. 5 The deep and shallow parts had widths of 248 and 127 μm, and depths of 94 and 23 μm, respectively. Based on the CARM method, 5 only the wall of the shallow part of the microchannel was modified with a hydrophobic octadecylsilane group by introducing a toluene solution of octadecyltrichlorosilane (1%) resulting from capillary force. Such partial modification provides a stable liquid-liquid interface and allows control of the flow of the two phases at a relatively large flow-speed ratio. A schematic illustration and photograph are given in Fig. 1 . The chip has 4 inlets and 2 outlets which come into and exit the microchannel.
Reagents and chemicals
Octadecyltrichlorosilane (ODS) and p-nitrobenzenediazonium tetrafluoroborate (NBD) were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Carbaryl, carbofuran, propoxur, bendiocarb, ethanol, 1-butanol, sodium hydroxide, sodium dodecyl sulfate (SDS) and 10 mM sodium tetraborate buffer (pH 9.18) were purchased from Kanto Kagaku Co., Ltd. (Tokyo, Japan). Hydrochloric acid and acetonitrile were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All reagents were used without further purification. Distilled and deionized water having a resistivity value greater than 1.7 × 10 7 Ω cm at 25˚C was used. Stock solutions of 580 ppm carbaryl (2.9 × 10 -3 M), 640 ppm carbofuran (2.9 × 10 -3 M), 620 ppm propoxur (2.9 × 10 -3 M) and 690 ppm bendiocarb (3.1 × 10 -3 M) were prepared by dissolving pesticide powders in ethanol (99.5%); ethanol was used because of the low solubility of the four carbamates in water. The amount of NBD (1.5 mg) were dissolved in a mixture of 50 μl of HCl and 10 ml of deionized water to form a stock solution at a concentration of 6.3 × 10 -4 M. Due to the low stability of the azo reagent solution (NBD), it had to be freshly prepared every day. A stock solution of SDS (50 mM) was prepared by dissolving SDS powder in sodium tetraborate buffer, filtering and diluting to final volume with buffer.
Working solutions of each pesticide (0.02 -2 ppm) were prepared by stepwise dilution of the respective stock solution with ultra pure water. A stock solution of 1 M NaOH (55 μl) were added to 1 ml of buffer solution to get a working solution for hydrolysis. Each stock solution of NBD was diluted with deionized water 1:1 (3.1 × 10 -4 M NBD working solution). Samples for MEKC separations were prepared by mixing, reacting and extracting on a bulk scale. A stock solution of 1 M NaOH (33 μl) was mixed with 0.9 ml of H2O; then 40 μl of each of the stock pesticide solutions were added and hydrolysis was carried out for 5 min. Next, the hydrolyzed mixture was mixed with buffer solution (0.45 ml) and stock solution of NBD (0.5 ml); finally, colored complexes were extracted by 1.5 ml of 1-butanol. The concentration of each azo derivative was ∼25 ppm.
Operating procedures
Pesticide working solutions were introduced through one inlet that merged with the channel for NaOH hydrolyzing solution. From the first merging point to the second merging point, the cross section of the microchannel was quasi-semicircular. The shallow hydrophobic channel part started at the second merging point, where NBD solution and 1-butanol were introduced to the deep and shallow channel parts, respectively, through the inlets situated on the other side of the chip (Fig. 2) . The flow rates of the liquids were controlled using syringes (Hamilton, 1710TLL) and microsyringe pumps (KD Scientific, Model-200). Each syringe needle (Hamilton, KF726) was connected to a custombuilt Teflon screw with an o-ring (NOK; i.d., 0.74 mm; o.d., 2.78 mm) via a fused silica capillary tube (GL Science; i.d., 0.32 mm; o.d., 0.45 mm) using an epoxy-based glue. Connection to the inlets of the microchip was achieved using an aluminum chip holder having screw holes that fit the Teflon screws. In all experiments, the TLM detection point was located at the center of the organic phase (shallow part of the microchannel), just halfway between the interface and the sidewall of the hydrophobic channel.
Apparatuses
Spectrophotometric measurements were carried out with a UV/VIS spectrophotometer (Jasco V-530).
The thermal lens signal in the organic phase was detected by a desktop-sized thermal lens microscope (DT-TLM) 3 (IMT, Kawasaki, Japan). A diode-laser pumped YAG laser (Coherent, Compass 315M, λ = 532 nm, 50 mW) and a laser diode (λ = 670 nm, 0.95 mW) were used for the excitation and probe beams, respectively.
The excitation beam, which was modulated at 1 kHz by a light chopper, and the probe beam were coaxially aligned by a dichroic mirror. Then, the beams were introduced into an objective lens with a numerical aperture of 0.46 and ×20 magnification (Nikon, CF IC EPI Plan). The transmitted beams were collected by a condenser lens and were filtered with a glass filter (Melles Griot, 03FCG089) and an interference filter (Melles Griot, 03FIL024). Only the probe beam was monitored with a photodiode (Electrooptics Technology, ET-2030). The signal was synchronously detected with a lock-in amplifier (NF Electronic Instruments, LI-575).
The microchip was mounted on a 3-D stage. CE experiments were performed with an Agilent 3D CE system (Agilent Technologies). Separation was carried out with a fused-silica capillary: 58 cm (effective, 50 cm) × 50 μm i.d. (Polymicro Technologies). The detection wavelength was set at 200 nm and the capillary was thermostated at 25˚C. Samples were introduced by pressure injection (50 mbar, 1 mbar = 100 Pa). The separation voltage was set at +20 kV.
Results and Discussion

Characteristics of chemical reaction system
In our previous study, 4 the diazotized trimethylaniline (TMA) was used for the azo-coupling reaction to form a colored complex with the carbaryl derivative. This reaction is selective for carbaryl determination, and other derivatives of pesticides do not form colored compounds. A well-known azo dye reagent, NBD, was tested for derivatization of target pesticides. As NBD is stable only in solutions at low pH, the stock solution of the reagent was prepared in dilute hydrochloric acid. On reaction, it was neutralized with NaOH of the hydrolyzing solution.
The effect of the pH of the reaction on the stability of azo derivatives was studied. It was found that complexes changed from their original color (red) to yellow beyond pH values of 9 -12. We attribute this to transformation of the azo product form at low pH and instability or decomposition of NBD reagent at high pH. To control the pH, we used the mixture of standard tetraborate buffer (pH 9.2) and NaOH for the hydrolyzing solution. After the mixture merges with the acidic reagent flow, NaOH is neutralized and the buffer controls the pH of the azocoupling reaction.
As the decomposition of reagent influences the background signal even at an optimal pH, the concentration of NBD should be low. We found a 10-fold molar excess of reagent provides completion of the azo-coupling reaction on a bulk scale. The optimum conditions were reproduced in the microchannel.
An increase in detection sensitivity is expected through enrichment of the azo product by extraction in the organic phase, and also by the well known enhancement effect of the thermal lens signal in organic solvents. However, the selection of an appropriate solvent for extraction of the complexes with NBD turned out to be a difficult task. All tested non-and lowpolar solvents (including octanol and pentanol) became yellowcolored solutions when they contact the aqueous phase containing the azo product, while the aqueous phase lost the color of the azo derivatives and became yellow as well. With 2-butanol, the dye derivatives were well extracted but the color gradually changed to yellow with time. On the other hand, 1-butanol provided good extraction and phase separation with color stability for a long period (months in a refrigerator). However, the color of the organic phase began to change when it was separated from the aqueous phase, but once aqueous phase with high pH was added, the original color of the organic phase was restored quickly. So, the azo products are very sensitive to the pH of the medium, and 1-butanol, which is partly miscible with water and has an intermediate polarity, provides the balance of pH required to keep the color.
The absorption spectra of azo derivatives were studied. The absorption maxima of all products shifted to a longer wavelength region after extraction into 1-butanol. For carbofuran (545 nm), propoxur (546 nm) and bendiocarb (507 nm) derivatives, the new maxima were near the wavelength of the excitation laser (532 nm). For carbaryl it shifted to 612 nm, but it was still possible to use the 532 nm absorption due to its high molar absorbance coefficient.
Optimization of determination conditions on microchip
In order to integrate the extraction processes by 1-butanol into a microchip, we used the partial modification of a single microchannel with ODS. In spite of the intermediate polarity of the solvent, the channel modification is effective not only to retain the organic phase but also to prevent penetration of aqueous phase into the hydrophobic shallow channel part.
The controllable range of flow rates of two phases for establishing a stable liquid-liquid interface was found to be narrow (Fig. 3) . The main reason is the weak hydrophobic behavior of 1-butanol due to its intermediate polarity. This resulted in its weak retention by the modified wall of the shallow channel and in its low resistance to penetration of the water phase. In comparison with the toluene-water system, 3 the flow rate of 1-butanol should be kept one order of magnitude higher than that of toluene for the same flow rates of aqueous phases to keep the interface stable.
In order to carry out the extraction process in the microchip, organic and aqueous phases were introduced into the shallow and the deep channel parts, respectively. Under the conditions of high flow velocities, where the flows are stable for both phases, the extraction processes may be incomplete due to the short diffusion time. To achieve sufficient extraction, it is necessary to decrease the flow rates while keeping the conditions for a continuous flow and a stable liquid-liquid interface. To evaluate these conditions, we observed the kinetics of the extraction process of the azo derivatives into the 1-butanol phase at various flow rates, yet keeping the flow- speed ratio of the two phases at optimum conditions as determined in the experimental results shown in Fig. 3 . To follow the kinetics, we used a constant flow rate for the aqueous phase. The flow rate of the organic phase abruptly dropped from an extremely high value (4 μl/min) to the optimum value for each flow rate of the aqueous phase (Fig. 3) where the extraction virtually began. The moment that the flow velocity changed was taken as a reference time point of extraction. The change in TLM signal of the azo product extracted in 1-butanol at different flow rates is presented in Fig. 4 . Basically, the change was sigmoidal reaching a plateau level which corresponded to a steady state concentration of the extracted product. A slower flow rate brought a longer saturation time and a higher signal intensity due to the increase of extraction time. Flow rates of 1.5 and 3 μl/min (aqueous phase) (0.12 and 0.22 μl/min for the organic phase, respectively) were rejected because of the excessively long extraction time (more than 10 min). In spite of the smaller signal intensity, we found an optimum flow rate between 4.5 and 6 μl/min (aqueous phase) (0.28 and 0.34 μl/min for the organic phase, respectively), owing not only to faster reaction time but also to signal stability. Finally, the flow rates of 6 and 0.34 μl/min for the aqueous and organic phases, respectively, were chosen as working flow rates for the experiments below. The extraction efficiency under the optimal conditions became constant, 73%.
Pesticide determination
The samples of carbamate pesticides, NaOH and NBD solutions, each at a flow rate of 2 μl/min (the sum total 6 μl/min), and 1-butanol (4 μl/min) were introduced into the microchip and detection of colored product was done after dropping the flow rate of the organic solvent to 0.34 μl/min. The signal was measured in the center of the organic phase after the divergence of the channel.
Aliquots of standard solutions of carbamate pesticides were added to pure water and the continuous flow derivatization and extraction on the microchip were done. Typical time profiles of the TLM signal for carbofuran from the starting point are shown in Fig. 5 . These time courses corresponded to that of extraction of the azo derivative from the aqueous phase to the organic phase. Under the determined flow rate conditions, the intensity of the TLM signal started to increase with time and reached a steady state of the extraction after about 4.5 min. The time of saturation was longer than the value calculated from the diffusion length and flow rate of the organic phase. We can explain this as due to collection of the azo product on the liquid-liquid interface, where it remained until it was extracted into the organic phase.
Due to laminar flows in the microchannel, a liquid along the interface was moving with less speed than in the center. Signals for the calibration curve were calculated from the average signal of the plateaus of kinetic curves after 5 min.
The metrological characteristics of the mirofluidic detection of carbamate pesticides are summarized in Table 1 . TLM signals showed good linearity in the concentration ranges. The responses of the TLM signal to the concentrations of the pesticides in the aqueous phase are described by straight lines with correlation coefficients R 2 more than 0.996. Relative standard deviations (RSDs) were calculated for certain concentrations. The limits of detection (LODs) were calculated using blank measurements containing all the reagents, except the pesticides. The LODs for all pesticides are sufficient to test drinking water (Drinking Water Standard <0.1 ppm or 5 × 10 concentration levels is 10 min for the microchip technique, compared to 1 h for the bulk scale preconcentration and separation by conventional methods.
MEKC
In the case of a mixture of target pesticides, as expected for real samples, it is necessary to apply some separation techniques for selective determination of carbamates. To distinguish the azo derivatives after extraction into 1-butanol, capillary electrophoresis could be a method of choice because only a small amount of sample is needed. We applied micellar electrokinetic chromatography (MEKC) for the separation, since the obtained azo derivatives were almost uncharged.
We optimized separation conditions by varying the concentration of SDS and acetonitrile in a separation buffer (10 mM sodium tetraborate, pH 9.18), based on the maximum resolution and minimum analysis time.
Using the buffer containing SDS only, we found for the best conditions (20 mM SDS) that all four azo derivatives could be separated in 10 min. The absence of SDS resulted in no separation. Concentrations of SDS more than 20 mM were unsuitable due to overlapping of carbofuran and propoxur with a system peak and they led to increased retention times. Adding acetonitrile to the mobile phase gave higher peak resolution as well as a signal increase in the case of TLM measurements. Using the separation buffer with 20 mM SDS and 10% acetonitrile, some overlapping was observed, while increasing acetonitrile to 20% provided fine separation of all four peaks in 10 min (Fig. 6) . At 40% acetonitrile, peaks disappeared due to the impossibility of the MEKC separation, since SDS could not form micelles at the higher concentration of the organic modifier.
The optimized separation buffer of 20 mM SDS and 20% acetonitrile in 10 mM tetraborate buffer (pH 9.18) will be effective for MEKC separation on a CE microchip. We are planning to integrate the MEKC separation on a chip with the present microfluidic derivatization reaction and extraction system.
Conclusions
The determination of four carbamate pesticides (carbaryl, carbofuran, propoxur and bendiocarb) derivatives was successfully performed on a microchip. A series of chemical operations: hydrolysis, azo-coupling and extraction, were integrated on a chip. A special channel profile and partial wall modification provided a stable and continuous aqueous-organic two-phase flow and enabled production of a liquid-liquid extraction system with a controlled phase-to-phase volume ratio. The integration of all processes on the microchip simplified the determination and shortened the total analysis time. Combination with TLM detection provided higher sensitivity and lower detection limits of target pesticides than were available with conventional methods.
Obtained azo derivatives in 1-butanol were effectively distinguished by MEKC. The influence of SDS and acetonitrile solvents in the mobile phase was investigated and optimal separation conditions were established. The integration of MEKC separation with the microfluidic reaction and extraction system is under investigation. 
